T wo pieces of metal, such as copper wires, can be mechanically and electrically connected by using soldering, a process in which metallic items are joined together by introducing a filler metal (solder) with lower melting point (1) . Soldering and related processes (such as brazing) are very useful in many areas, from microelectronics to plumbing. Unlike the case for metals, there are no established methods for joining semiconductor pieces under mild conditions without disrupting semiconducting properties at the joint. A "semiconductor solder" could affect numerous fields, including printable electronics, photovoltaics, and thermoelectrics, because it would add new techniques for device integration.
The electronic properties of semiconductor interfaces are much more sensitive to impurities and structural defects than are metals. Metalmetal contacts always show ohmic behavior, whereas semiconductor-semiconductor interfaces are more complex. Misalignment of the Fermi energy levels or trapping charge carriers at the interface creates a Schottky barrier (2) . An ideal "semiconductor solder" should be constituted of a precursor that, upon mild heat treatment, forms a semiconducting material structurally and compositionally matched to the bonded parts. In this study, we designed chalcogenidometallate "solders" for technologically important II-VI, IV-VI, and V-VI semiconductors, including CdSe, CdTe, Hg x Cd 1−x Te, PbTe, (Bi x Sb 1−x ) 2 Te 3 , and Bi 2 Te 3 .
The use of chalcogenidometallates as soluble precursors for inorganic semiconductors was first introduced by Mitzi et al., who used the ability of N 2 H 4 to dissolve metal chalcogenides in the presence of elemental chalcogens (3), forming soluble hydrazinium chalcogenidometallates. These species cleanly decompose back into semiconducting metal chalcogenides upon heating. This simple approach works very well for the chalcogenides of Cu, Ga, Ge, In, Sb, Sn, and mixed phases such as Cu(In 1−x Ga x )Se 2 and Cu 2 ZnSn(S,Se) 4 (4-6) but showed no success for Cd-, Pb-, and Bichalcogenides (7, 8) , which are among the most widely used binary and ternary semiconductors. Here, we propose the origin of this limitation and a general solution, which substantially expands the list of solution-processed semiconductors.
In the above process, the formation of a soluble chalcogenidometallate begins with the reduction of an elemental chalcogen (Ch = S, Se, or Te) by N 2 H 4 following Eq. 1 (3, 4)
The Ch n 2− reacts with electron-deficient metal centers at the surface of a solid metal chalcogenide (M x Ch y ), generating soluble M x Ch (y+m) 2m− chalcogenidometallate ions:
The progression of reaction in Eq. 2 is determined by the balance between the lattice energy of the metal chalcogenide and the free energy of formation and solvation of the chalcogenidometallate complex. Reactivity of Ch n 2− is highest at n = 1 and decreases as n increases. The reducing potential of N 2 H 4 in the reaction in Eq. 1 is not sufficient to bring Se and Te into their most reactive Ch 2− state. X-ray absorption near-edge spectroscopy (XANES) measurements show that Eq. 1 generates soluble Se or Te species with an oxidation state near zero, which is equivalent to large n ( fig. S1 ) (9) . To increase the driving force for Eq. 2, we used A 2 Se or A 2 Te (A = Na, K, and Cs) instead of elemental chalcogens and found that for n = 1, Eq. 2 proceeds smoothly for a number of metal chalcogenides previously considered unreactive, including CdSe, CdTe, PbS, PbSe, PbTe, Bi 2 S 3 , Bi 2 Se 3 , Bi 2 Te 3 , (Bi x Sb 1−x ) 2 Te 3 , and some others, which are summarized in (9) . These reactions could also be conveniently carried out in one pot-for example, by adding alkali metal hydride to the stoichiometric mixture of CdTe and Te in N 2 H 4 : CdTe + Te + 2NaH → Na 2 CdTe 2 + gaseous products (9) .
The structure of K 2 CdTe 2 ·2N 2 H 4 crystallized from the reaction mixture is shown in Fig. 1A . It contains molecular chains built of edge-sharing, slightly distorted [CdTe 4 ] tetrahedrons with Te-Cd-Te angles of 99.4°and 119.1° (9) . The bonds between Cd and Te are 2.81 and 2.83 Å in length, which are similar to that of zinc blende CdTe (2.81 Å). This structural motif with one-dimensional (1D) "molecular wires" has apparently not been reported for chalcogenidocadmates (10, 11) . In the crystal lattice, [CdTe 2
2− ] ∞ chains are separated with N 2 H 4 molecules, which leads to the facile solubility of the compound in various solvents, up to 600 mg/mL in N 2 H 4 ( Fig. 1B) . The solubility of ditellurometallates could be further tailored by means of cation exchange (9) . For example, Na + or K + was exchanged for alkylammonium cations such as didodecyldimethyl ammonium (DDA + ) or tetraethyl ammonium (NEt 4 + ), providing good solubility of DDA 2 CdTe 2 in toluene and of (NEt 4 ) 2 CdTe 2 in acetonitrile (CH 3 CN) or N,Ndimethylfomamide (DMF), respectively (Fig. 1B) . Exchange of K + with hydrazinium cations (9) could be used to facilitate thermal decomposition of the resulting hydrazinium salts.
X-ray diffraction and extended x-ray absorption fine structure (EXAFS) studies (figs S2 and S3 and tables S1 and S2) (9) Reacting Na 2 CdTe 2 with a stoichiometric amount of CdCl 2 in N 2 H 4 formed a white amorphous gel, further referred to as "CdTe-gel" (Fig. 1B) , which is an important addition to the chalcogel family (12) . The gel was easily separated from its NaCl by-product by means of centrifugation and then redispersed in N-methylformamide (NMF) -capped CdTe quantum dots showed bright band-edge photoluminescence (Fig. 1B and fig. S6 ) (9) 
2− ions did not introduce fast recombination centers at the CdTe surface.
Following similar approaches, we synthesized and characterized a series of soluble Cd-, Pb-, and Bi chalcogenidometallates and chalcogels (9) . These chalcogenidometallates could be dispersed in polar solvents, including N 2 H 4 , ethylenediamine, NMF, dimethyl sulfoxide (DMSO), formamide (FA), DMF, and N 2 H 4 /water mixtures (9) . Such chemical versatility allowed for the design of compositionally matched "solders" for practical semiconductors. These solders were used in various capacities-for example, to consolidate nano-or -capped CdSe NCs was spin-coated on heavily doped Si substrates with a~10-nm-thick ZrO x gate dielectric and annealed under nitrogen at various temperatures for 30 min. Mobility measurements were carried out in a standard field-effect transistor (FET) geometry (Fig. 2B) (14, 15) . Even annealing at only 250°C was sufficient to achieve excellent output and transfer characteristics (Fig. 2, C and  D, and fig. S8 ) (9) (table S3) (9), which is~5% of the mobility of CdSe single crystals at 300 K (21). In our case, [Cd 2 Se 3 ] 2− ions worked as a compositionally matched solder that improved carrier transport up to almost half of the single-crystal value, which is surprising given that the Scherrer size of CdSe grains was about 15 and 22 nm for samples annealed at 250°C and 300°C, respectively ( fig. S13) (9) . This grain size was also confirmed with transmission electron microscopy (TEM) measurements of annealed films ( fig. S14) (9) . Various chemical treatments have been successfully used to passivate interfaces and control doping in polycrystalline semiconductors and NC solids (22, 23) . At the same time, it has proven difficult to achieve high mobility through sintering (24) or oriented attachment of NCs (25) . Recent studies show that simply increasing CdSe grain size does not improve FET mobility (26) . We therefore attribute this high mobility to exceptional electronic transparency of the grain boundaries, which did not introduce appreciable transport bottlenecks.
The molecular solders functioned not only for nanoscale but also for mesoscale grains. For example, PbTe, Bi 2 Te 3 , or CdTe films were obtained by soldering microparticles, obtained by ball-milling of ingots, by using Na 2 PbTe 2 , (N 2 H 5 ) 4 Bi 2 Te 5 , or CdTe-gel as solders, respectively (Fig. 3 , B to D, and fig. S15 ) (9) . In the first case, we applied the sodium salt because Na + is a commonly used p-type dopant for PbTe. A suspension of PbTe microparticles with a small amount [2 to 5 weight percent (wt %)] of Na 2 PbTe 2 solder was drop-cast on a hydrophilized glass substrate and annealed at 500°C for 30 min, resulting in a continuous thin film with a uniform thickness of~7 mm (9) with well-connected dense grains (Fig. 3B) . The film exhibited a Hall mobility of 58 cm 2 /V s, which is comparable with that (~100 cm 2 / V s) of optimized Na-doped PbTe thermoelectric pellets made at a similar temperature by means of sparkplasma sintering or hot pressing (27, 28) . In control experiments, no continuous films were obtained from suspensions of PbTe and other microparticles without addition of solder. After annealing under identical conditions, the material remained powdery (Fig. 3A) . The above examples show that chalcogenidometallates and chalcogels, mixed with nano-and microparticles, offer a viable path toward solution processing of thin-film semiconductors.
The solder effect was used to consolidate microparticles (such as PbTe, Bi 2 Te 3 , Bi 0.5 Sb 1.5 Te 3 , and CdTe) into 3D blocks cast with a mold (Fig.  3E) . The addition of a few weight percent of molecular or gel solder helped connect the microparticles and allowed the casting of solid pellets in graphite molds with no external pressure, similar to molding metal particles (29) . Disk-, triangle-, square-, and bar-shaped blocks were obtained via annealing various combinations of nano-and microparticles (PbTe, Bi 2 Te 3 , Bi 0.5 Sb 1.5 Te 3 , or CdTe) with corresponding compositionally matched molecular chalcogenidometallates or chalcogels (9) . In control experiments without solders, the microparticles molded under the same conditions remained powdery ( fig. S16) (9) . Comparison of Fig. 3 , A and B, shows that the addition of molecular solder facilitates sintering and grain growth compared with pure components. The microscopic origin of this effect is likely related to improved mass transport along and across the grain boundaries (30) .
Chalcogenidometallate solders were also used for bonding metal chalcogenide crystals under modest pressures and temperatures. Shown in Fig. 3F is an example in which two polished (111) CdTe surfaces (with an area of 0.25 cm 2 ) were bonded at~0.5 MPa and 500°C by using a minuscule amount (2 mL) of Na 2 CdTe 2 solution in N 2 H 4 (9) . No physical bonding between CdTe crystals occurred in control experiments with similarly prepared crystal surfaces but no solder.
The above examples reveal the potential of bottom-up assembly of inorganic semiconductors with compositionally matched molecular solders. This approach enables the highest electron mobility achieved to date for solution-processed semiconductors, opening new opportunities for printable electronics and optoelectronics, and paves the way to future technological developments such as moldable or 3D-printable thermoelectric materials. 
